This paper provides a discussion concerning results of CO 2 removal from a gas mixture by the application of aqueous solutions of ethanoloamine (MEA) and 2-amino-2-methyl-1-propanol (AMP) promoted with piperazine (PZ). The studies were conducted using a process development unit. Research of such a scale provides far more reliable representation of the actual industrial process than modelling and laboratory tests. The studies comprised comparative analyses entailing identical energy supplied to a reboiler as well as tests conducted at similar process efficiencies for both solvents. The results thus obtained imply that using AMP/PZ enables reduction of the solvent heat duty. Moreover, while using AMP/PZ temperature decrease was also observed in the columns.
INTRODUCTION
CO 2 removal by the absorption method using amines seems to be the simplest solution to apply in coalfired power plants (Dreszer and Więcław-Solny, 2008) . Unlike other CO 2 emission reduction methods, such as oxy-fuel combustion, the amine-based process of CO 2 removal may be applied while erecting new power units as well as in existing power generation facilities. The possibility to deploy a CO 2 removal section in the existing facilities is actually one of the most significant factors taken into account while making the choice of technology. It allows for the process to be implemented without the need for considerable structural modifications in the power plant's technological line. The capability of using any of the technologies currently offered by the chemical industry (Chen et al., 2013; Farla et al., 1995) is limited due to characteristic flue gas parameters, such as low flue gas pressure, low partial pressure of CO 2 present in flue gas released from typical coal-fired units or high moisture content in the flue gas.
In the amine-based process of removing acidic components from gas mixtures, ethanolamine (MEA) has been used for years (Barchas and Davis, 1992; Sander and Mariz, 1992) . It is characterised by a high reaction rate and a high CO 2 absorption capacity on low partial CO 2 pressures (Wilk et al., 2013b) . Moreover, ethanolamine is a relatively cheap raw material As far as the disadvantages of ethanolamine are concerned, one should mention high heat of CO 2 absorption, which affects the energy that must be delivered to regenerate the solvent (Kim and Svendsen, 2007) . It is also susceptible to considerable degradation, both thermal (Davis and Rochelle, 2009 ) and oxidation (Fredriksen and Jens, 2013) induced, due to the oxygen content in flue gas. The aqueous solution of ethanolamine shows corrosive properties, particularly at high temperatures and on high CO 2 saturation (Kittel et al., 2009 for amines characterised by absorption capacity and reaction rate comparable to MEA, but not displaying negative features of MEA. One of the available options in the search for efficient solvents is using mixtures of amines of diversified properties. Primary and secondary amines are known for high reaction rate (Vaidya and Kenig, 2007) , Tertiary amines, such as N-methyldiethanolamine (MDEA) display lower reaction energy compared to lower amines (Kim and Svendsen, 2007; Svensson et al., 2013) . However, the CO 2 absorption process rate is far lower with tertiary amines (Wilk et al., 2013a) . Similar properties can be observed in amines with steric hindrance, such as 2-amino-2-methyl-1-propanol (AMP). In the reaction of AMP and CO 2 , transient carbamate is formed, whereas CO 2 mainly reacts to form carbonate and bicarbonate ions. AMP is characterised by low energy demand for regeneration compared to MEA (Wilk et al., 2014; Xie et al., 2013) . In order to increase the reaction rate of amines with steric hindrance and tertiary amines, primary and secondary amines are used as activators. Such a mixture retains high absorption capacity, but its reaction rate increases considerably. The amine used to activate both MDEA and AMP is piperazine (PZ). It is a heterocyclic amine featuring a ring of two secondary amine groups. Aqueous mixtures of AMP/PZ and MDEA PZ are characterised by a higher reaction rate than solutions not containing PZ (Wilk et al., 2013b) . It is also possible to use mixtures of different amines and water-soluble organic fluids. Owing to the lower content of water, such mixtures are characterised by lower specific heat, which makes it possible to reduce the energy consumption involved in the solvent regeneration process.
PLANT CHARACTERISTICS
The process development unit (PDU) used to study the process of CO 2 removal by means of amines is one of three units of this type used by the Institute for Chemical Processing of Coal. It has been installed at the Centre for Clean Coal Technologies in Zabrze (Lajnert and Latkowska, 2013) . Besides that, the Institute also uses a laboratory-scale installation (Krótki et al., 2012) and mobile pilot plant for post-combustion carbon capture research.
The testing unit presented in this paper is a transition-scale unit. However, unlike other plants, it can be used to study CO 2 removal from flue gas, process gas and mixtures of technical gases. The testing unit overview and its schematic diagram are shown in Fig. 1 .
The gas mixture is delivered to a pre-treatment scrubber where the gas becomes water saturated, and the mixture is cooled down and cleaned of all particulate. Then it flows through a solid adsorption bed where SO x are removed. Once it is free of SO x , the gas flows to an absorber where CO 2 absorption takes place by means of an aqueous amine solution. The system draws benefits from a split flow arrangement of regenerated solution streams (Szczypiński et al., 2013) . It is for this modification that energy consumption of the regeneration process can be reduced. Semi-lean amine is delivered to the lower absorber section, whereas lean amine is healed to the column top. Purified gas flows through an additional packing layer at the top of the absorption column, where water condensate is fed from a separator behind the stripper. The purpose of this section is to wash out droplets of solvent carried together with a purified gas from the column and cool down the gas leaving the absorber at the same time. The semi-lean amine is collected from a mid-level tray and delivered to the absorber. The remaining part of the solvent flows off to the lower column section where it is regenerated in the regenerator reboiler heated by an electric heater. The lean amine solution is delivered to the absorber top. Streams of solvent are involved in mutual heat exchange in a system of plate heat exchangers. The composition of gas at the system inlet and outlet was monitored on-line by means of ULTRAMAT 23 gas analysers. The solvent was analysed using the KEM DA-640 densitometer and by titration. The amine content in the solvent was measured by means of the Dionex ion chromatograph by titration methods.
The most important parameters of the system have been collected in Table 1 . The aim of this paper is to discuss energy consumption in the carbon capture process based on the experimental comparison of two different solvents. Laboratory scale tests of the carbon dioxide absorption alone are not sufficient to determine the behaviour of the solvent in industrial processes therefore it seems reasonable to test the solvent in PDU scale, being closer to a full-scale industrial process. Additionally, based on PDU scale results, it is possible to propose the solvent for a process scale-up, for example for a pilot plant. The results were compared with the literature sources. Heat duty for AMP/PZ solvent obtained during the research on our own laboratory rig and pilot plant were also presented. Furthermore, the temperature and CO 2 concentration profiles in the columns were also measured.
Under the experimental studies, comparative tests were conducted using the following aqueous solutions:
The ethanolamine solution was used as a reference for other solvents examined. In the course of the laboratory tests of the CO 2 absorption (Wilk et al., 2014) , no formation of solid products of the CO 2 reaction with the amines present in the relevant solutions within the system's range of operating temperatures was observed. The Monoethanolamine (>98%), 2-amino-2-methyl-1-propanol (90%) and piperazine (>99%) were all purchased from Sigma-Aldrich. Aqueous solutions were prepared according to pre-defined concentrations. The gas examined was a mixture of CO 2 and N 2. Both gases were supplied by Messer. The gas composition was adjusted to match the average CO 2 concentration similar to the flue gas studied at the Tauron's pilot plant. The plant features more than 100 measurement points (temperature, pressure, fluid level, flow rate). Figure 2 below illustrates fluid and gas sample taking points as well as the arrangement of temperature measurement points within the absorption column.
Fig. 2. Arrangement of measurement points
The tests were conducted in a steady state for several hours. Liquid and gaseous samples were collected from individual analysis points. The MEA tests were performed on a higher reboiler power in order to attain the efficiency of ca. 90%. The AMP/PZ tests were carried out under identical conditions and on a lower reboiler power, so that the efficiency of ca. 90% could be attained. The parameters describing the conducted tests have been collated in Table 2 . Gas flow rates, values of pressure in the apparatus as well as temperatures of the solvent delivered to the absorber were constant for all the tests. /h are characterised by higher loading of rich and lean amine, which is typical of both solvent types. The loading for AMP/PZ is lower compared to MEA. Since the heat absorption of AMP/PZ is lower than of MEA, AMP/PZ regenerates better when the same energy is delivered during regeneration. Moreover, the CO 2 absorption rate decreases as the loading rises. This fact triggers the increased rate of the CO 2 absorption process with AMP/PZ compared to MEA. Table 4 provides a summary of partial CO 2 pressure data and temperatures inside the absorber and the stripper. Having measured the partial CO 2 pressure profiles and the temperatures inside the absorber and the stripper (Figs. 3 a, b, c and Tables 3, 4 , 5), one can observe that the partial CO 2 pressure is lower at each point for AMP/PZ. The stripper temperature is also slightly lower, whereas the most significant differences can be observed in the absorber. On the account of lower heat of absorption, a smaller amount of heat is released for AMP/PZ. For both MEA and AMP/PZ, the highest temperature occurs at the lower absorber section. It may imply that it is the point at which the absorption process rate is the highest, since the relatively high partial CO 2 pressure affects the absorption process driving factor. A similar correlation between the maximum temperature and maximum rate of absorption process has been discussed in the literature Niegodajew et al., 2013) . Reboiler heat duty in the solvent regeneration process is higher when MEA is used. On account of the identical power supplied to the reboiler, it only depends on the amount of CO 2 removed. Reboiler heat duty is a correlation between the energy supplied to the process and the mass of CO 2 removed. Reboiler heat duty values provided entail the losses of heat released to the environment. Further tests using AMP/PZ were aimed at comparing the results obtained for solvents at a similar value of CO 2 removal process efficiency. The power delivered to the regenerator was reduced to a level enabling process efficiency of ca. 90% to be obtained. Based on the data thus acquired, one could observe an increase loading amine for the tests run on reduced power. The process rate attained when using a regenerated solution of higher loading is lower, and hence the decrease in the process efficiency. Insofar as the loading of the lean amine did not increase much, the semi-lean amine loading was considerable, approaching the value typical for rich amine. The temperature profile (Fig. 4) implies that the maximum absorber temperature point shifted up the column for both solvent flow rates which was probably due to moving the area of the highest process rate. And as in the previous case, the major impact is exerted by partial CO 2 pressure, being higher along the entire height of the column for lower power capacities.
Furthermore, a solution of a relatively high loading is supplied to the lower column section, causing the process driving force to be low in this part of the column. The CO 2 removal efficiencies are similar for both solvent flow rates. When comparing Figs. 4b and 4c one can notice that the temperatures of the absorber and of the stripper decrease at the increasing solvent flow rate.
Comparing partial pressure and temperature distributions (Fig. 5) for tests with similar efficiency for MEA and AMP/PZ, one may observe significant differences in temperature profiles. Temperatures in columns are far lower when AMP/PZ is used. The maximum temperature difference between both solvents comes to ca. 10C. A similar temperature difference occurs at the stripper top. The higher the mixture temperature leaving the stripper, the larger the quantity of cooling water needed to effectively cool it. Moreover, the partial pressure of steam increases as temperature rises, which triggers an increase of the quantity of water condensing in the separator. Having analysed the loading values, one can certainly notice that loading values of rich and of the semi-lean one are rather similar for both solvents. However, the loading of the lean amine is lower for AMP/PZ.
Lean amine loading increases insignificantly as the solvent amine flow rate increase.
The reboiler heat duty for tests involving smaller power is much lower in comparison with both AMP/PZ tests for larger powers as well as for MEA. Compared to MEA, the reboiler heat duty was dropped by more than 25% while similar efficiency was maintained. Table 7 contains a comparison of the results with literature data for AMP/PZ aqueous solvents. It can be seen that the reboiler heat duty obtained during the tests is comparable to that for CESAR1 solvent (Mangalapally and Hasse, 2011) . This similarity can be partly explained by a comparable concentration of the CESAR1 solvent, which is 45 wt% (28 wt% AMP and 17 wt% PZ). The concentration of the second solvent used in this comparison is 30 wt% (25 wt% AMP and 5 wt% PZ) (Artanto et al., 2014;  and Table 7 ). From our research it can be seen that an increase of the scale of the plant causes a decrease in the heat duty of the reboiler (Table 8 ). The lowest reboiler heat duty can be observed for pilot plant tests where a) b) c) similar removal efficiency was achieved for all units. This fact is related to the increase of efficiency of heat exchangers while increasing the scale and the decrease of overall heat losses to ambient. The laboratory unit works in standard process flow sheet, while other plants use modified, advanced process flow sheets allowing the reduction of energy consumption. A comparison of test results obtained for both solvents studied implies a considerable drop in the reboiler heat duty on similar process efficiency attained when using AMP/PZ. Furthermore, the temperatures recorded for AMP/PZ both in the absorber and the regenerator were lower than those when MEA was applied, even for identical energy supplied to the reboiler. Increasing the L/G ratio causes a slight efficiency increase for both solvents in the case when power of 33 kW is applied. However, as regards AMP/PZ, the efficiency slightly declines for decreased power. Increasing the L/G ratio also triggers an increase in the solvent loading value and a drop of temperatures in both columns. 
